subunits were also detected on NETs, and the detection of extracellular trap-associated NADPH oxidase subunits was abolished by treatment with DNase I and dependent on cell stimulation. In vitro analyses demonstrate that MPO and NADPH oxidase activity are not directly inhibited by DNase I, suggesting that its effect on ROS production depends on NET disassembly. Altogether, our data suggest that inhibition of ROS production by microorganism-derived DNase would contribute to their ability to evade killing.
Introduction
Human neutrophils constitute the first line of cellular defense against invading microorganisms. Upon contact with opsonized bacteria or fungi, neutrophils engulf microorganisms in a process known as phagocytosis. Neutrophils discharge the contents of their granules into the phagosome to form phagolysosomes. The bactericidal ability of these cells relies on the antimicrobial proteins and peptides that are released into the phagosome [1] and on their capacity to generate reactive oxygen species (ROS) [2] . The battery of microbicidal molecules includes proteins such as lactoferrin, lipocalin, lysozyme, elastase, gelatinase B and myeloperoxidase (MPO) along with bactericidal defensins. Despite the variety of antimicrobial factors of neutrophils put into play, many microorganisms have the ability to escape phagocytosis-dependent killing using diverse mechanisms [for a review, see ref . 3 ] . These include the use of molecular barriers to evade recognition by the phagocytes, inhibition of trafficking involved in phagocytosis, prevention of the fusion of the phagosome with neutrophil granules and bacterial escape into the cytoplasm. To overcome these escape tactics, neutrophils have developed alternative tools to kill bacteria. For example, neutrophils can release the microbicidal components of their granules to kill microorganisms in the extracellular milieu. In recent years, it has become apparent that extracellular neutrophil microbicidal components can be regulated by a novel and sophisticated mechanism: the formation of organized extracellular DNA fibers containing histones and other proteins with bactericidal ability [4] . Microorganisms trapped in neutrophil extracellular traps (NETs) are killed by a mechanism that is poorly understood. The presence of proteins with bactericidal capacity, including histones, elastase and MPO, has been described in NETs and most likely contributes to the microorganism-killing process [4] . The importance of this mechanism is highlighted by the observation that microorganisms expressing deoxyribonuclease (DNase) evade NET-dependent killing [5] .
The NADPH oxidase catalyzes the monoelectronic reduction of O 2 to superoxide anion (O 2 -) [6] . This multienzymatic complex produces highly reactive molecules whose oxidative capacity has been held in part responsible for the bactericidal ability of neutrophils. Patients with chronic granulomatous disease, whose NADPH oxidase is inactive, suffer recurrent bacterial and fungal infections [7] . The NADPH oxidase consists of the cytosolic factors p47 phox , p67 phox and p40 phox , the membraneassociated cytochrome b 558 and the accessory proteins Rac2 and Rap1a. In resting neutrophils, the oxidase remains unassembled and therefore inactive. In response to adequate stimuli, the cytosolic factor p47 phox is phosphorylated in its carboxy terminus in what is considered a central event during NADPH oxidase activation [8] [9] [10] . Upon phosphorylation, the cytosolic factors are recruited to the membrane-associated cytochrome b 558 , and the NADPH oxidase becomes assembled and active. The assembling of the NADPH oxidase can take place on the phagolysosome membrane [11] , on the plasma membrane [12] or on the membrane of neutrophil granules [13] , depending on the characteristics of the stimulus that initiates the activation process. MPO, a heme enzyme that utilizes NADPH oxidase-derived superoxide and H 2 O 2 to produce microbicidal oxidants [14, 15] , was proposed to localize on NETs [4] . In this report, we show that NADPH oxidase subunits and MPO localize on NETs, we show that ROS production is a DNase-sensitive process and we suggest a role for MPO-derived oxidants in NETdependent extracellular killing.
Materials and Methods

Neutrophil Isolation
Human neutrophils were isolated from normal donor blood by Ficoll density centrifugation as previously described [16] .
Human Subjects
All procedures regarding human subjects have been reviewed and approved by the Human Subjects Committee at The Scripps Research Institute and were conducted in accordance with the requirements set forth by the mentioned Human Subjects Committee.
Antibodies
The monoclonal antibody raised against p47 phox has been previously described [17] . The polyclonal antibodies against p47 phox and p67 phox were raised against the carboxy terminal peptide STKRKLASAV and full-length p67 phox , respectively, in rabbits. The polyclonal antibody anti-p22 phox was described before [18] . The monoclonal antibody against CD11b was obtained from Calbiochem, San Diego, Calif., USA. The anti-MPO antibodies used in this work were goat anti-human from Santa Cruz Biotechnology (Santa Cruz, Calif., USA) and anti-mouse (Hycult Biotechnology, Uden, The Netherlands).
Immunof luorescence
Human neutrophils were seeded at 70% confluence in an 8-well-chambered coverglass (untreated or pretreated with poly-L -lysine at 0.01% in PBS). In some cases, the neutrophils were activated with lipopolysaccharide (LPS; 100 ng/ml), heat-killed Listeria monocytogenes (HKLM; 1 ! 10 8 /ml) or phorbol-12-myristate-13-acetate (PMA; 0.1-1 g/ml) for the indicated time at 37 ° C and then fixed with 3.7% paraformaldehyde, permeabilized with 0.01% saponin and blocked with either 1% BSA or 4% FBS in PBS. Samples were labeled with the indicated primary antibodies overnight at 4 ° C in the presence of 0.01% saponin and blocking agents. Endogenous CD11b and p47 phox were detected using specific mouse monoclonal antibodies, and endogenous p67 phox and p22 phox were detected using specific rabbit polyclonal antibodies and the appropriate combinations of Alexa Fluor (488 or 594) conjugated donkey anti-rabbit or anti-mouse secondary antibodies (Molecular Probes, Carlsbad, Calif., USA). In order to stain the extracellular traps, samples were incubated with 4 ,6-diamidino-2-phenylindole, dihydrochloride (DAPI) for 15 min at 21 ° C and washed with PBS. Cells were stored in Fluoromount-G (Southern Biotechnology, Birmingham, Ala., USA) and analyzed using a Bio-Rad (Zeiss) Radiance 2100 Rainbow laser scanning confocal microscopy attached to a Nikon TE2000-U microscope at 21 ° C with a 60 ! oil Plan-Apo 1.4 NA objective. For visualization, fluorescence associated with Alexa Fluor 594-labeled secondary antibody was excited using the 543-nm laser line and colDNase I Inhibits ROS Production J Innate Immun 2009;1:527-542 529 lected using a standard Texas Red filter. Fluorescence associated with Alexa Fluor 488-labeled secondary antibodies was visualized using the 488-nm laser line and collected using a standard FITC filter set. Images were collected using Bio-Rad Laser Sharp 2000 (version 3.2) software and processed using ImageJ and Adobe Photoshop CS.
Detection of ROS Production
ROS production measured by a luminol (or isoluminol)-dependent chemiluminescence assay using whole cells was carried out as previously described [19] , except that exogenous peroxidase was omitted and luminescence was measured based on endogenous MPO activity. Briefly, 1 ! 10 6 human neutrophils resuspended in RPMI medium in a final volume of 0.25 ml were placed in a 96-well microtiter plate, warmed to 37 ° C, and luminol was added to reach a final concentration of 100 M (DMSO final concentration was 0.1%). The cells were stimulated with heat-killed opsonized or non-opsonized Escherichia coli or L. monocytogenes (InvivoGen, San Diego, Calif., USA) in the presence or absence of 100 U/ml protease-and RNase-free DNase I (Worthington, Lakewood, N.J., USA). In some experiments, cells were stimulated with PMA (1 g/ml). Other assays were performed using HL-60 cells differentiated to granulocytes using 1.3% DMSO as described [18] . Where indicated, the cell-impermeant isoluminol was used instead of luminol in the assays. Chemiluminescence was measured at 1-min intervals for up to 210 min at 37 ° C using a Luminoskan luminometer (Labsystems Research, Helsinki, Finland).
Phagocytosis Assay
Phagocytosis was measured using the Vybrant Phagocytosis Assay Kit (Invitrogen, Carlsbad, Calif., USA) following manufacturer's instructions. Briefly, 1 ! 10 5 human neutrophils were resuspended in a final volume of 0.15 ml RPMI and placed in a 96-well microtiter plate. The cells were incubated in the presence of DNase I (100 U/ml) or cytochalasin D (5 g/ml) for 15 min at 37 ° C or left untreated. Then, neutrophils were exposed to fluorescent E. coli BioParticles for 2 h at 37 ° C. Non-phagocytosed fluorescent bacteria were quenched using Trypan blue. Samples were analyzed for fluorescence intensity (480 nm excitation/520 nm emission) using a SpectraMax Gemini EM spectrofluorometer (Molecular Devices, Sunnyvale, Calif., USA).
Quantification of NETs Using a Nucleic Acid Stain
Human neutrophils were seeded into 96-well plates (1 ! 10 5 / well) and stimulated with non-opsonized or opsonized E. coli or HKLM (1 ! 10 8 /ml) in the presence or absence of DNase I (100 U/ml) for 1 h at 37 ° C. In some experiments, the cells were stimulated with PMA for up to 60 min at 37 ° C. Then, the cell-impermeable nucleic acid stain Sytox Green (Invitrogen) was added to a final concentration of 5 M . Nonstimulated neutrophils were used as controls. The samples were analyzed for fluorescence intensity (485 nm excitation/527 nm emission) using a SpectraMax Gemini EM spectrofluorometer (Molecular Devices).
Experimental Animal Models
Our experiments utilize ashen mice (C3H/HeSn-Rab27a ash ) that contain a splicing mutation in Rab27a and parental strains C3H/HeSnJ. Ashen mice were extensively utilized for the study of Rab27a deficiency and were described previously [20] .
Cell-Free Recombinant System and MPO Assay
The cell-free recombinant system using purified cytochrome b 558 was performed as previously described [21] . MPO activity was measured using the InnoZyme TM MPO Activity Kit (EMB, San Diego, Calif., USA) following the manufacturer's recommendations.
Transmission Electron Microscopy
Human neutrophils (2 ! 10 6 ) in RPMI were seeded in untreated, glass-bottom (No. 1.5 coverglass), 35-mm culture dishes (MatTek, Ashland, Mass., USA). Cells were treated with PMA or LPS for 90 min at 37 ° C, and then processed for transmission electron microscopy. The samples were fixed in 2.5% glutaraldehyde in 0.1 M Na cacodylate buffer (pH 7.3), and then washed and fixed in 1% osmium tetroxide in 0.1 M Na cacodylate buffer. They were subsequently treated with 0.5% tannic acid followed by 1% sodium sulfate, and during the next buffer wash, any large, thick strands of NETs were removed and placed in microfuge tubes for separate processing as pellets. The fine network of NETs visible under the dissecting microscope immediately above the cells was left undisturbed. The coverslips and pellets were dehydrated in graded ethanols, and then, the coverslips were incubated in HPMA (Ladd Research, Williston, Vt., USA). Beem capsules filled with LX112 resin were inverted onto the coverslip to be polymerized overnight at 60 ° C. The beem capsules were snapped off from the coverslip, and the terminal 2 mm of the resin block were cut off using a hacksaw to produce a resin disk, the lateral margins of which were trimmed using a Dremel. This resin disk, which contained the cells and NETs, was re-embedded flat so that thin transverse sections could be taken of the samples to effectively show a profile of attachment and any NETs associated with the 'apical surfaces' of the neutrophils. The pellets were treated with propylene oxide and embedded in Epon/Araldite. Thin sections (70 nm) of both the flat and pelleted samples were cut on a Reichert Ultracut E (Leica, Deerfield, Ill., USA) using a diamond knife (Diatome, Electron Microscopy Sciences, Hatfield, Pa., USA), mounted on parlodion-coated copper slot grids and stained in uranyl acetate and lead citrate. Sections were examined on a Philips CM100 TEM (FEI, Hillsbrough, Oreg., USA) and documented on Kodak SO-163 film for later analysis. Negatives were scanned at 600 lpi using a Fuji Fine Scan 2750XL and then converted to tiff format for subsequent handling in Adobe Photoshop.
Results
DNase I Treatment Inhibits a Late Phase of ROS Production
MPO, a heme enzyme that utilizes NADPH oxidasederived ROS to produce microbicidal oxidants, localizes on NETs [4] . We hypothesized that if MPO-derived ROS are produced on NETs, NET-associated ROS production would be impaired by treatment with DNase I. To test this hypothesis, we analyzed the ability of human neutrophils to generate ROS in the presence of RNase-and proteasefree DNase I. We first analyzed ROS production using the cell-permeant luminol, which detects both extracellular and intracellular ROS. Luminol-dependent chemiluminescence is indicative of the global oxidative response as luminol reacts with both H 2 O 2 and hypochlorous acid (HOCl) [22, 23] . Although luminol is not specific for a particular ROS, it constitutes a sensitive probe to determine the overall oxidative response in real time. Furthermore, luminol and isoluminol kinetics were measured in the absence of exogenous peroxidase so that they reflect the activity of endogenous MPO. In figure 1 , we show that DNase I treatment attenuates the production of ROS by neutrophils. Neutrophils stimulated with either heatkilled opsonized Gram-negative E. coli or Gram-positive L. monocytogenes showed monophasic kinetics of ROS production peaking around 60 min after addition of the stimuli ( fig. 1 a, b) . In the presence of DNase I at a concentration that abolishes the formation of NETs, maximal chemiluminescence levels were significantly decreased. Interestingly, the initial rate of ROS production in the presence of DNase I was indistinguishable from the control without DNase I up to 30 min after stimulation. Conversely, late-phase ROS production was significantly lower in the presence of DNase I when compared with that detected in conditions that maintain intact extracellular traps ( fig. 1 a, b) . These data suggest that a late phase of the oxidative response to E. coli and L. monocytogenes is, in part, dependent on NET formation. Since luminol detects both intracellular and extracellular ROS [23] , our results suggest that ROS production is bimodal, and only the second, presumably NET-associated, phase production of ROS is DNase sensitive. In companion experiments, we confirmed that neutrophils exposed to Grampositive or Gram-negative bacteria synthesize extracellular traps ( fig. 1 c) . Non-opsonized bacteria were more effective than opsonized bacteria in inducing NETs, suggesting a possible cross-regulation between phagocytosis and extracellular trap formation. Importantly, although L. monocytogenes and E. coli are phagocytosed by neutrophils and stimulate intraphagosomal as well as extracellular ROS production (see below), the phagocytic process was not affected by DNase I treatment when evaluated 2 h after bacterial exposure ( fig. 1 d) , supporting the idea that DNase I affects extracellular but not intracellular ROS production. However, a possible effect of DNase I on early stages of phagosome maturation was not evaluated and cannot be ruled out under the experimental conditions used in this study.
The production of ROS in response to PMA, a phorbol ester that stimulates non-phagosomal oxygen radical production [24, 25] , was also attenuated by DNase I ( fig. 1 e) . We found the oxidative response to PMA to be biphasic when followed for periods over 30 min. We also found that the second, but not the first, PMA-induced oxidative phase was significantly impaired by DNase I treatment ( fig. 1 e) . The kinetics of NET formation in response to PMA, as measured by means of the membraneimpermeant DNA-binding probe Sytox Green, correlates with the second phase of ROS production ( fig. 1 f) , sug- Fig. 1 . a , b ROS production is attenuated by DNase I. Human neutrophils were stimulated with opsonized E. coli ( a ) or HKLM ( b ) in the presence or absence of 100 U/ml DNase I. ROS production was measured as luminol-dependent chemiluminescence as described in Materials and Methods. Kinetic results are the mean 8 SEM of 1 representative experiment performed in triplicate (left panels). Unstimulated samples showed no significant luminescence (data not shown). The right panels show the maximum chemiluminescence at the indicated time. Results are the mean 8 SEM of 3 independent experiments with samples from different donors. Maximum chemiluminescence in samples treated with DNase I at 75 min but not at 30 min was significantly different from control ( * p ! 0.05). c E. coli and L. monocytogenes stimulate NET formation. Human neutrophils were seeded into 96-well plates and stimulated with non-opsonized heat-killed E. coli or HKLM or with the same bacteria previously opsonized with autologous serum (Ops.). Experiments were carried out in the absence (grey columns) or in the presence (white columns) of 100 U/ml DNase I for 1 h at 37 ° C. Next, the non-cell-permeant DNAbinding dye Sytox Green was added to a final concentration of 5 M, and NET formation was evaluated fluorometrically with a setting of 485 nm (excitation) and 527 nm (emission). Cells incubated in the absence of bacteria and DNase I were used as control (C). d Phagocytosis in the presence of DNase I (100 U/ml) or cytochalasin D (Cyto D) was measured using fluorescently labeled E. coli as described in Materials and Methods. e Luminol-dependent chemiluminescence in response to PMA was monitored for 2 h in DNase-I-treated or -untreated human neutrophils. Kinetic results are the mean 8 SEM of 3 independent experiments, each of them performed in duplicate or triplicate. The right panel shows the maximum chemiluminescence at the indicated times. Results are the mean 8 SEM of 3 independent experiments with samples from different donors. * p ! 0.05. f The kinetics of NET formation in response to PMA stimulation was followed using Sytox Green as described above. g ROS production by HL-60 cells differentiated to granulocytes was monitored by luminol-dependent chemiluminescence after preincubation in the absence or presence of 100 U/ml DNase I. The cells were preincubated in the absence or presence of LPS (100 ng/ml) and stimulated with 1 M fMLF. Data are represented as the mean 8 SD from duplicate wells. gesting time coordination between extracellular trap generation and the DNase-sensitive oxidative response. DNase-I-dependent inhibition of a late ROS production phase was also observed in HL-60 cells, recently shown to form extracellular traps [26] . The effect was not observed in fMLF-stimulated cells but was evident in cells that were primed with LPS and then stimulated with the chemotactic peptide ( fig. 1 g) . NET formation in HL-60 cells under these experimental conditions was confirmed by immunofluorescence analysis (online suppl. fig. 1 , www.karger.com/doi/10.1159/000235860). However, we noticed that neutrophils stimulated with phorbol ester form NETs more efficiently than HL-60 granulocytes. As HL-60 cells lack specific granules and ROS production in these cells is mainly extracellular, our results support the view that DNase I inhibits an extracellular mechanism of ROS generation. This is further manifested in companion studies using isoluminol, a membrane-impermeant analog of luminol that detects extracellular ROS. In figure 1 h, we show that isoluminol-dependent chemiluminescence elicited by opsonized L. monocytogenes -stimulated neutrophils is inhibited by DNase I. Similar results were observed when E. coli was used instead of the Grampositive bacterium (data not shown). Altogether, our results support the idea that DNase I interferes with an extracellular late phase of ROS production. Importantly, the effect is independent of cell viability since DNase I treatment did not affect neutrophil viability as evaluated by Trypan blue exclusion (online suppl. fig. 2 ).
The Inhibitory Effect of DNase I on ROS Production Is Independent of Actin Depolymerization and Phagocytosis
In vitro, DNase I depolymerizes F-actin and binds to G-actin [27] . Although in our experiments we use intact cells and internalization of DNase I has not been shown, to rule out a possible inhibitory effect of DNase I on ROS production through a mechanism that involves interaction with the actin cytoskeleton, we performed experiments in the presence of cytochalasin D, an agent that caps the barbed ends of F-actin [28] , inhibits actin polymerization and induces depolymerization of actin filaments [29] . Here, we show that in the presence of cytochalasin D, the neutrophil oxidative response to non-opsonized HKLM is increased even in the presence of DNase I ( fig. 2 a, b) . The cytochalasin-D-mediated amplification of the chemiluminescence response is most likely explained by the already known effect of actin depolymerization on neutrophil granule mobilization which increases the number of NADPH oxidase subunits at the plasma membrane and the extracellular availability of MPO, thus increasing extracellular ROS production. However, in the presence of DNase I, the oxidative response was significantly reduced when compared with the non-DNase I control either in the absence or presence of cytochalasin D ( fig. 2 a, b) , suggesting that the mechanism mediated by DNase I is independent of a putative interaction with actin. Interestingly, after treatment with cytochalasin D, the inhibitory effect of DNase I on the neutrophil oxidative response was observed as early as 15 min after the addition of the stimulus ( fig. 2 b, d ). This is probably explained by the increased availability of extracellular MPO after cytochalasin D treatment and the consequent faster assembly of granular proteins on NETs.
Cytochalasin D is a potent inhibitor of phagocytosis [30] . In the absence of cytochalasin D, the oxidative response to opsonized bacteria was significantly larger than the response to non-opsonized microorganisms ( fig. 2 a, c) , probably reflecting the more efficient mechanism of phagocytosis and neutrophil intraphagosomal ROS production for opsonized bacteria. Importantly, DNase I treatment inhibited ROS production to a similar extent whether or not phagocytosis was blocked by cytochalasin D. These results suggest that the mechanism mediating DNase-I-dependent inhibition of ROS production is most likely extracellular. Furthermore, although non-opsonized bacteria seem more efficient than opsonized bacteria in triggering NET formation ( fig. 1 c) , the observation that a larger proportion of the oxidative response is DNase I sensitive when opsonized bacteria are utilized as stimuli ( fig. 2 a, c) suggests that opsonized bacteria are more efficient in triggering a NET-associated oxidative response.
MPO Localizes on NETs by a Mechanism That Is Independent of Exocytosis
Elastase, a cargo protein from azurophilic granules, has been shown to localize on NETs [4] . MPO, another component from primary granules, has also been suggested to colocalize with NETs [4] . Here, we confirm, by immunofluorescence analysis, the presence of MPO on NETs ( fig. 3 a) . These data, together with the observation that luminol-dependent chemiluminescence is attenuated by DNase treatment, suggest that MPO-derived oxidants are produced in association with NETs. Although MPO is detected in NETs, the mechanism that regulates the localization of granular proteins on extracellular DNA fibers remains to be elucidated. In this study, we evaluated whether neutrophils deficient in the small GTPase Rab27a, ashen [20] , contain MPO on NETs. Rab27a is an essential component of the secretory machinery of azurophilic granules [18, 31] . MPO exocytosis is dramatically impaired in both human and murine neutrophils in the absence of Rab27a function, although MPO distribution and total MPO content are not significantly different in Rab27a-deficient neutrophils [18, 31] (data not shown). It was then interesting to evaluate whether protein distribution on NETs was dependent on Rab27a. In figure 3 , we show, by immunofluorescence analysis, that Rab27a-deficient neutrophils form NETs and that MPO is detected in extracellular traps from ashen mice. These results suggest that exocytosis and granular protein distribution on NETs proceed by independent mechanisms.
NADPH Oxidase Subunits Localize on NETs
Next, we explored whether NADPH oxidase subunits are present in extracellular traps. Here, we established the presence of endogenous NADPH oxidase subunits in extracellular traps by fluorescence confocal microscopy. First, in figure 4 a, we show that p22 phox is present in extracellular DNA fibers in fields where there is significant NET formation in neutrophils stimulated with phorbol ester. Next, we show that the cytosolic subunit p67 phox and the membrane-associated subunit p22 phox are present on extracellular traps formed by neutrophils stimulated with either LPS or with the heat-killed Gram-positive bacteria L. monocytogenes ( fig. 4 b) . The organization of the NADPH oxidase in punctate structures resembles the distribution of globular domains of unknown origin described on NETs [4] . The NADPH oxidase subunits were frequently detected in association with the membrane protein CD11b ( fig. 4 b) , part of the ␤ 2 -integrin Mac-1 and a neutrophil ectosome marker [32] . No fluorescence was detected when irrelevant antibodies were used ( fig. 4 c) . Another cytosolic subunit of the NADPH oxidase, p47 phox , was also detected in association with NETs ( fig. 4 d, e) . Immunostaining using antibodies specific for the detection of p47 phox and either p22 phox or p67 phox show that these proteins colocalize on punctate structures distributed on neutrophil traps ( fig. 4 d, e) . However, p47 phox but not p22 phox was also detected in non-globular structures, suggesting that it may too bind directly to DNA fibers through electrostatic interaction. Detection of extracellular, NET-associated NADPH oxidase subunits was abolished by treatment with DNase I ( fig. 4 e) , a condition shown to disrupt extracellular traps when evaluated by fluorescence microscopy analysis. This supports the idea that the distribution of oxidase subunits in punctate extracellular structures requires the structural support provided by NETs.
DNase I Does Not Directly Inhibit NADPH Oxidase or MPO Activity
A previous study demonstrated that DNase I inhibits NADPH oxidase through F-actin depolymerization when evaluated in a cell-free system that utilizes neutrophil membranes as the source of cytochrome b 558 [33] . Here, to rule out a direct inhibitory effect of DNase I on NADPH oxidase activity, we utilized a very well characterized cellfree system that uses purified cytochrome b 558 in the absence of actin [21] . In these studies, we utilized 2 different sources of bovine pancreas recombinant DNase I [New England Biolab (DNase IA) and Worthington (DNase IB)]. Although we observed a minor decrease in the oxidase activity in the presence of DNase IA, the effect was nonspecific because the decreased activity also became apparent in the presence of buffer A but not in the presence of DNase IB or buffer B ( fig. 5 a) . In any case, the differences were not statistically significant. In conclusion, the results presented in figure 5 a show with DNase I, thus ruling out a direct inhibitory effect of the enzyme on NADPH oxidase function. Next, to further explore the possible effect of DNase I on ROS production through MPO inhibition, we evaluated MPO activity in vitro after incubation in the presence or absence of DNase I. No significant differences in MPO activity were found between DNase-I-treated and -untreated samples ( fig. 5 b) . Altogether, our results presented in figure 5 argue against a direct inhibitory effect of DNase on ROS production enzymes.
Transmission Electron Microscopy Shows the Presence of Trapped Neutrophils, Granules and Vesicular Membrane in NETs
In order to identify a possible source of ROS to support MPO activity on NETs, we analyzed the ultrastructure of extracellular DNA fibers by transmission electron microscopy. First, we show that neutrophils stimulated with the Gram-negative bacteria-wall component LPS showed the ultrastructure characteristics of NETs ( fig. 6 ). Similar to the description by Fuchs et al. [34] , only a portion of LPS-stimulated cells showed the signature of NET formation ( fig. 6 a) supporting the idea that neutrophils not forming NETs could produce ROS to maintain NET-associated MPO activity. The nuclear envelope and condensed chromatin were not detected in cells producing NETs ( fig. 6 b) , although partial preservation of the plasma membrane was observed ( fig. 6 b) . Importantly, membrane vesicle structures and intact granules were frequently observed trapped in neutrophil extracellular DNA fibers ( fig. 6 c-e) . Extracellular traps appeared as a filamentous material containing granular structures distributed homogenously on the fibers ( fig. 6 f) . Analysis of cross-sections of NETs by transmission electron microscopy confirmed that the characteristic filamentous material is completely destroyed by treatment with DNase I DAPI Merged p22 phox a Fig. 4 . Localization of NADPH oxidase subunits on NETs. Neutrophils were stimulated with PMA (100 ng/ml), LPS (100 ng/ml) or HKLM for 90 min, and the NADPH oxidase subunits were detected on NETs by immunofluorescence confocal microscopy analysis as described in Materials and Methods. a Immunofluorescence analysis showing that p22 phox is present on extracellular DNA fibers in fields where there is significant NET formation in neutrophils stimulated with phorbol ester (upper panels). The lower panels show a higher magnification of a field where p22 phox can be detected in punctate structures on NETs. Arrows indicate p22 phox -specific staining on NETs; arrowheads indicate p22 phoxspecific staining on intact neutrophils. Scale bars = 10 m. Fig. 4 . Localization of NADPH oxidase subunits on NETs. Neutrophils were stimulated with PMA (100 ng/ml), LPS (100 ng/ml) or HKLM for 90 min, and the NADPH oxidase subunits were detected on NETs by immunofluorescence confocal microscopy analysis as described in Materials and Methods. b The upper and middle panels show localization of p67 phox and p22 phox , respectively, on NETs detected using DAPI. NADPH oxidase subunits were detected in close proximity to the ectosome marker CD11b. Some of these structures are indicated with arrows. The lower panels show the magnification of the area highlighted on the middle panels. Scale bars = 10 m. c Control antibodies do not recognize structures on NETs when used under the same experimental conditions. Scale bar = 10 m. d Immunofluorescence analysis shows that the cytosolic subunit p47 phox and the cytochrome b 558 component p22 phox colocalize on punctate structures distributed on NETs. Some of these structures are indicated with arrows. Neither NETs nor NADPH oxidase subunits were detected extracellularly in the absence of stimuli. Scale bars = 10 m. e Immunofluorescence analysis of the distribution of NADPH oxidase subunits on NETs in neutrophils stimulated with 100 ng/ ml LPS for 90 min in the absence (upper panels) or presence (lower panels) of 100 U/ml DNase I. Scale bars = 10 m. fig. 6 g, h) . Similar to the suggestion by Brinkmann et al. [4] , no morphological evidence of apoptosis was observed in neutrophils activated with LPS or PMA for up to 90 min.
Discussion
NETs have been implicated in the microbicidal activity of neutrophils against Gram-negative bacteria, Grampositive bacteria [4, 5, 35] and fungi [36] . Their importance in innate immune defense has been highlighted by the observations that NETs are abundant in human inflammatory processes including spontaneous human appendicitis [4] and pre-eclampsia [37] . Importantly, microorganisms that evade NETs by means of their intrinsic DNase activity exacerbate virulence in a mouse model of necrotizing fasciitis [5] . The mechanisms involved in NET-dependent microorganism killing are not well understood. Here, we show that interfering with NET assembly using DNase I attenuates neutrophil ROS production, suggesting that this is another possible mechanism that favors the escape of DNase-positive microorganisms from extracellular killing.
MPO, an enzyme contained in azurophilic granules, is involved in host defense mechanisms [15] . When deficient in humans and mice, the innate immune response is impaired [38, 39] . MPO utilizes the H 2 O 2 generated by O 2 -dismutation to produce the potent oxidant HOCl. Superoxide also reacts with MPO [14] and with MPO products to generate intermediate compound products which have been associated with tyrosine peroxide formation [40] and involved in MPO-dependent killing of Staphylo- The NADPH oxidase total recombinant system was used to evaluate a possible effect of DNase I on the oxidase activity. To this end, recombinant proteins were incubated for 5 min to allow the assembly of the oxidase and were subsequently incubated in the presence of 100 U/ml DNase IA (New England Biolab) and DNase IB (Worthington) in their corresponding reaction buffers, in the absence of DNase I and DNase buffer (control) or in the presence of superoxide dismutase (SOD) for 10 min at 37 ° C. The production of superoxide anion was continuously monitored by cytochrome c reduction at 550 nm. The results (mean 8 SEM) are representative of 2 independent experiments performed in triplicates. b Human MPO (60 ng/ml) was incubated in the presence or absence of DNase I (100 U/ml) for 1 h at 37 ° C. MPO activity was measured as described in Materials and Methods. The results are the mean 8 SEM of 3 independent experiments performed in triplicates. No significant differences were found between DNase-I-treated and -untreated samples. Transmission electron microscopy analysis of NETs. Human neutrophils were seeded in untreated 35-mm culture dishes and treated with 100 ng/ml LPS ( a -f ) or PMA ( g , h ) for 90 min at 37 ° C and then processed for transmission electron microscopy as described in Materials and Methods. a The arrows indicate NETforming cells with undetectable nuclear envelope or condensed chromatin. b Magnification of the area selected in a . The arrow shows partial preservation of the plasma membrane. c -f NETs usually contain vesicular membranes (arrowhead in e ) and granular structures (arrow in e ). d -f Magnifications of the areas selected in c -e , respectively. f Extracellular DNA fibers appear as a filamentous material (arrowheads) containing granular structures (arrows). g , h Analysis of cross-sections of NETs showing that the characteristic filamentous material adjacent to a PMAstimulated neutrophil ( g ) is completely dismantled by treatment with DNase I ( h ). [41] . The microbicidal role of MPO was also attributed to the ability of its products to oxidize, iodinate and chlorinate target molecules in the invading microorganisms [15] . Recent studies confirmed that HOCl exerts its bactericidal effects via protein unfolding and aggregation [42] . Although HOCl has been shown to be formed inside the phagosome when neutrophils ingest bacteria [43] , how neutrophils kill microorganisms in the extracellular milieu and the participation of MPO in this process is less clear. In support of a role for MPO in extracellular killing, previous studies showed that HOCl is produced extracellularly when neutrophils are stimulated with a variety of agonists [44] . It has also been suggested that the lower pH generally found at the site of infection and the lower extracellular enzyme concentration would favor halogenation reactions outside the cell [45] , thus supporting the hypothesis that the MPO system has a microbicidal role in the extracellular milieu. In this study, we show that MPO localizes on NETs. Using luminol-dependent chemiluminescence, we also show that DNase I treatment is associated with decreased ROS levels. Although luminol detects both the intracellular and extracellular oxidative responses, we show that the inhibitory effect of DNase I was also manifested in cytochalasin-Dtreated cells, suggesting that it cannot be circumvented by induction of actin depolymerization or by inhibition of phagocytosis. Together with experiments using cellimpermeant isoluminol, these results suggest that the mechanism of DNase-I-mediated ROS inhibition is extracellular and mediated by a mechanism that is independent of the already known interaction between actin and DNase I. Furthermore, the inhibitory effect of DNase I on ROS production does not seem to be mediated by direct MPO inhibition but most likely by inducing extracellular trap disassembly. Altogether, these data suggest that NET-associated MPO-derived ROS may play a significant role in the bactericidal activity of neutrophils. Previous studies have not found evidence of the presence of various cytosolic proteins at NETs despite the massive breakage of cellular membranes during extracellular trap formation [4] . Here, we present evidence that p47 phox and p67 phox , 2 cytosolic subunits of the NADPH oxidase, localize on extracellular traps. However, it is possible that these factors are bound to the cytochrome b 558 , the membrane component of oxidase, before traps are formed. In fact, NADPH oxidase and ROS production are known to be initiated immediately after stimulation, while extracellular trap formation is a relatively slower process [4] . Furthermore, NET formation has been shown to be dependent on NADPH oxidase activity [34] , again indicating that NADPH oxidase assembly precedes extracellular trap maturation.
A relevant question is whether a membrane-associated protein, the cytochrome b 558 , which requires a transmembrane potential to produce superoxide could be functional on NETs. Furthermore, a constant supply of NADPH is necessary to maintain NADPH oxidase activity to support the hypothesis that NET-associated NADPH oxidase is the source of the H 2 O 2 substrate for MPO associated with DNA fibers. No experimental evidence so far supports such a hypothesis, and the presence of a functional NADPH oxidase on NETs is highly improbable. A more likely scenario is that H 2 O 2 , produced by the relatively large subpopulation of neutrophils that do not form NETs ( fig. 4 , 6 ) or H 2 O 2 made by catalasenegative microorganisms, diffuses to reach extracellular trap-associated MPO serving as its substrate.
Globular structures of unknown origin have been described to be regularly distributed on NETs [4] . We observed that the oxidase subunits colocalize on punctate structures on extracellular trap fibers resembling the globular NET domains previously described. These domains also contain MPO, histones and neutrophil elastase [4] . MPO and elastase, 2 cargo proteins of azurophilic granules, are also present in neutrophil microvesicles called 'ectosomes' [32] . These small vesicles have the unusual characteristic of containing cargo proteins which are segregated in different secretory organelles in resting neutrophils [32] . Importantly, we observed that CD11b, a membrane-associated protein which localizes on secretory vesicles, secondary and tertiary granules in unstimulated neutrophils, is distributed in punctate NET-associated structures. This indicates that, similar to what has been observed for neutrophil microvesicles, proteins from different secretory organelles converge on NET globular domains. Interestingly, CD11b was also detected in neutrophil ectosomes [32] and, although not shown in neutrophils, the NADPH oxidase has also been found in cell-derived microvesicles [46] raising the question whether ectosome-associated NADPH oxidase could be trapped on NETs. Supporting a possible interaction between microvesicles and NETs, it has been pointed out that the ectosomal membrane is negatively charged [32] ; therefore, electrostatic interaction between microvesicles and the cationic histones present on NETs is very likely. Furthermore, neutrophil vesicular membranes and granules are usually trapped on NETs ( fig. 6 ), thus contributing to the distribution of granular proteins in extracellular DNA fibers. Despite these observations, the mere presence of proteins on NET globular structures may not necessarily correlate with their biological activity. Future efforts directed at analyzing the catalytic activity of NET-associated proteins in isolated DNA fibers are necessary to clarify the mechanism of NET-dependent killing.
Another relevant question is if NET disassembly may lead to inhibition of a late phase of ROS production. MPO is a cationic protein proposed to bind to the negatively charged surface of microorganisms and react there with H 2 O 2 to initiate oxidant formation in close proximity to the ingested microbe [15] . It was also proposed that MPO function may be favored when the enzyme is bound to a physiological matrix [47] . Moreover, MPO association with NETs would concentrate the enzyme in close proximity to neutrophils that did not release DNA fibers which are the most likely source of substrate for MPO. Thus, NET dismantling by DNase-mediated digestion would dissolve the MPO-supporting matrix and possibly decrease the efficiency of MPO catalytic activity.
The original work by Zychlinsky's group [4] indicated that NET formation plays an important role in host defense by restricting microorganisms to a circumscriptive hostile environment. This was highlighted by the finding that microorganisms expressing DNase I evade NET-dependent killing [5] . Our data presented here support the view that extracellular ROS contribute to the generation of this adverse milieu and might directly participate in the NET-dependent microbicidal mechanism neutrophils use to combat non-phagocytosed microorganisms. We also suggest that the inhibition of ROS production by microorganism-derived DNase would contribute to their ability to evade killing.
